The richness of bioactive compounds in plant materials encourages continuous development of separation methods and bioassays for their isolation and identification. Thin-layer chromatography-direct bioautography links separation on the adsorbent layer with biological tests performed directly on it. Therefore, the method is very convenient for searching plant constituents with biological activity, such as antibiotics. Test bacteria grow directly on a plate surface excluding places where antibacterials are located. They can be detected with reagents converted by living bacteria. TLC-DB is a high throughput method enabling analyses of many samples in parallel and the comparison of their activity. Both screening and semi-quantitative analysis is possible. The targeted compounds can be identified using spectroscopic methods, mostly mass spectrometry, that can be performed directly on a TLC plate. This paper discusses all above mentioned aspects of TLC-DB, illustrating them with literature, schemes and our own results.
Introduction
The world of plants constitutes an almost unlimited source of biologically active substances which are or could be used in the treatment of many human, animal and plant diseases [1, 2] . The biggest efforts are concentrated on finding cures for civilization's ills, such as cardiovascular problems,
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diabetes, Alzheimer's and other degenerative diseases, as well as for cancer. Moreover, mankind urgently needs new antibiotics to fight bacterial diseases such as tuberculosis, pneumonia, gastroenteritis, meningitis and sepsis. Though it sounds improbable, almost one century after the discovery of penicillin, many known and powerful antibiotics are no longer effective against these and other infections. The situation is mostly related to increasing bacterial resistance against commonly used antibiotics [3] [4] [5] .
Chromatography is a perfect tool for analyzing plant constituents. High-performance liquid chromatography (HPLC) gives the biggest separation possibilities and additionally can provide information on the structures of separated compounds (HPLC-DAD, HPLC-MS). However, it is difficult to link this information with the information on biological (e.g., antibacterial) properties. This problem can be solved by effect-directed analysis (EDA) which provides information on biologically relevant substances even in very complex matrices, such as plant tissue extracts [6] . The best results can be achieved when EDA connects bio-or toxicity-assays with instrumental analysis [7] [8] [9] . The ideal chromatographic method for this type of connection is thin-layer chromatography (TLC). TLC linked to biological assay (e.g., antimicrobial or enzymatic) or to chemical detection indicating biological properties (e.g., TLC-DPPH for testing radical scavenging properties) is generally call TLC-bioautography (TLC-B). Thin-layer chromatography-direct bioautography (TLC-DB) is one of three variants of a TLC-B method (the others are contact and agar overlay bioautography) in which separation, a given assay and visualization are performed directly on a TLC layer. Mostly, this is used for testing antimicrobial properties directly on a TLC plate covered with a thin layer of bacteria or fungi, as opposed to a thick layer of inoculated agar in agar overlay bioautography [6, 10, 11] . TLC seems to be an ideal method for hyphenation with bioautographic detection because of an open layer enabling solvent evaporation, and the possibility of separating many samples in parallel. Besides classical TLC, high-performance thin-layer chromatography (HPTLC), overpressured-layer chromatography (OPLC) and planar electro-chromatography (PEC) can also be easily linked to bioautography [12] [13] [14] [15] [16] [17] [18] .
TLC-DB (Thin-Layer Chromatography-Direct Bioautography)
In TLC-DB of antimicrobials, a developed TLC plate is dipped in a suspension of microorganisms growing in a nutrient broth, and then incubated in a humid atmosphere. The microorganisms grow directly on the surface of a TLC plate excluding spots of antimicrobials. Visualization is usually carried out by spraying a plate with tetrazolium salt such as MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). The dehydrogenases of living microorganisms convert tetrazolium salt into a purple formazan [10, 11] . Creamy spots appearing against a purple background, so-called inhibition zones, point to the presence of antimicrobial agents. The most frequently used test bacteria are Gram-positive, Bacillus subtilis, and Gram-negative, Escherichia coli. The tests based on these bacteria were fully validated in our laboratory and used for screening antibiotics in milk [19] [20] [21] [22] . Recently, we have also started to use them in plant analysis [13, 14, 23] . Antibacterial properties of plant constituents were checked against Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, Staphylococcus epidermidis, Xanthomonas campestris pv. vesicatoria, and Micrococcus luteus [24] [25] [26] [27] . In the literature, there are also a few examples of TLC-DB based on Staphylococcus saprophyticus, Bacillus cereus, Pseudomonas syringae pv. phaseolicola and Micrococcus lysodeikticus [24] [25] [26] 28] .
TLC can be also hyphenated with bioluminescence detection using mostly Aliivibrio fischeri, (previous name Vibrio fisheri) and Photobacterium phosphoreum luminescent bacteria. Antibacterials and other compounds toxic to bacteria (mycotoxines, pesticides, heavy metals) disturb the metabolism of these bacteria, which in turns causes quenching of their luminescence. TLC-DB bioluminescent test is performed in a similar way as described above for non-luminescent bacteria. The developed TLC plate is immersed in a bacterial broth inoculated with luminescent bacteria and almost immediately observed at 490 nm under cooled CCD camera. The changes in emission of blue-green light (darker or brighter zones), related to disturbance in vital cell processes, indicate the presence of toxic substances [12, 15, 24, 29, 30] ( Figure 1 ). The image conversion and spreadsheet programs enable data interpretation [31] . Another luminescent test, using a genetically modified plant, pathogenic bacterium Pseudomonas syringae pv. maculicola, was applied in searching for natural agents against bacterial plant infections [18, 29, 32] . It is worth mentioning that the commercial Aliivibio fischeri test-Bioluminex™-is available on the market [33] . Unfortunately, there are no such tests available for other, non-luminescent bacteria. 
TLC-DB-"dot-blot" Test
In a dot-blot direct bioautography, compounds to be detected are not separated on a TLC plate. Instead, a mixture containing the targeted compounds is applied directly on a plate, and after solvent evaporation, the plate is immersed in a bacterial broth. The other steps are as in classical TLC-DB. The assay was successfully used to performed preliminary experiments on antibacterial activity of chosen plant ethanol extracts (here against Staphylococcus aureus). The differences between activities of individual extracts were clearly visible. The test also allowed exlusion of activity of ethanol used for the extraction process-the blank sample ( Figure 2 ). Dot-blot TLC-DB allows simplification and timesaving but on the other hand produces only preliminary results. The components of a mixture can have synergistic or antagonistic effects, masking properties of single compounds. Still, the test can indicate if a given sample, e.g., plant extract, is worth further investigation [14, 21, 24, 34] . The bioautographic dot-blot can be also advised if pure compounds are analyzed. Then, the method can be used even for semi-quantitative measurements. Calibration curves can be constructed for standards and be used to estimate the amount of analyte in real samples. The method was applied, for instance, to measure the concentration of cefacetril in milk samples collected from cows after intra-mammary administration of the antibiotic. The results were very similar to those obtained in parallel by HPLC [35] . It should be mentioned here that calibration curves in TLC-DB (also dot-blot) are constructed as dependency between inhibition zone areas and logarithm of concentration/amount of analyzed substance. They are linear for narrow range of concentration (up to two orders of magnitude) but exponential for the wider range. Because the inhibition zone area depends on the volume of the sample it is very important to apply standards and the targeted samples at the same volume [36] . 
TLC-DB-Developed Plates
In case of very complex matrices, like plant extracts, biological screening performed on developed TLC plates is a very convenient way to obtain reliable information on the activity of single compounds. There is no doubt that optimized antimicrobial assays (TLC-DB, TLC-bioluminescence) are useful tools both for the analytical determination of main compounds of plant extracts and for characterization of their biological properties (Figure 3 ). The investigation of the separated components gives far more precise information than that obtained from popular microbiological dilution or diffusion tests (e.g., agar disc diffusion) [19, 20] or TLC-DB dot-blot, in which unseparated crude extracts are evaluated. As was already mentioned, components of a crude extract can affect each other, and biological activities of individual compounds can be masked, which can be avoided through TLC separation of sample components. TLC-DB dot-blot test of thyme ethanol extract pointed to its antibacterial properties in general ( Figure 2 ) while its separation reveals several active constituents (Figure 3 ). Antibacterial properties are not only attributed to essential oil components, like thymol, carvacrol or linalool, but also to more polar compounds seen below on the TLC plate. This simple example is only one from many others described in the literature proving that TLC-DB is an effective time-and money-saving tool for bioassay-guided detection of antibacterial components [18, 24, 29] .
Sometimes subsequent separations are necessary to eliminate fractions with no biological response. It is especially advisable in the case of active zones near the origin, which should be separated once more with more polar mobile phase to reveal active sub-fractions and to reject non-active ones.
Usually, to obtain bigger amounts of fractions with antibacterial activity, semi-preparative chromatography is used. Then, the targeted fractions can be subjected to other measurements, for instance spectroscopic ones (see Section 3.1). A variation of direct bioautography was created by Tyihák and co-workers. The BioArena system enables observation of biochemical interactions between microorganisms and biologically active compounds (e.g., antibiotics, mycotoxins), occurring in the adsorbent layer covered with microorganisms. Separation is performed by the overpressured layer chromatography (OPLC). This forced flow technique uses external pressure to introduce a mobile phase into the layer. Such resolution gives better separation and more compact spots; therefore, this technique allows better resolution of the analytes on the plate than TLC. The primary objective of the BioArena method is investigation of small molecules, which are key substances for biological systems (endogenous formaldehyde, hydrogen peroxide and ozone), and their impact on the antibiotic effect of the tested substances as well as on proliferation of bacteria [17, 37, 38] .
TLC-DB is also a very effective assay in searching for natural compounds with antifungal properties. Samples are separated by TLC then sprayed with a suspension containing fungal cells and incubated under suitable conditions. Compounds exhibiting antifungal properties are visible as a light cream-colored zone on the grey background. A great majority of analyses focused on searching for antifungal agents using the TLC-DB method concern the plant extracts. The first antifungal bioautographic test based on Cladosporium cucumerinum was established by Homans and Fusch [39] . The test was later applied by Hostettmann and co-workers in searching for antifungal properties of plants such as Swertia calycina (Gentianaceae), Erythrina vogelii (Fabaceae), and Blumea gariepina (Asteraceae) [40] [41] [42] . Other frequently used microorganisms were Candida albicans, Aspergillus, and Penicillium sp. These experiments provided a great deal of information about natural compounds possessing antifungal properties in several species: Dictamnus dasycarpus (Rutaceae), Gentiana algida (Gentianaceae), Gentiana macrophylla (Gentianaceae), and Newbouldia laevis (Bignoniaceae). The structures of the found bioactive compounds were established by chemical and spectroscopic methods, mostly MS and NMR [40] [41] [42] [43] [44] [45] [46] . Another approach in searching natural fungicides is presented by Wedge and co-workers. The group use TLC-DB mostly against Colletotrichum sp. (Colletotrichum acutatum, Colletotrichum fragariae, Colletotrichum gloeosporioides) [47] . Activity of many volatile constituents in Angelica sinensis (Apiaceae), Angelica archangelica (Apiaceae), Haplopappus greenei (Asteraceae), Origanum onites (Lamiaceae), Arnica longifolia (Asteraceae), Aster hesperius (Asteraceae), Chrysothamnus nauseosus (Asteraceae) species and others were detected by TLC-bioautography followed by their identification using mostly GC-MS and GC-FID [48] [49] [50] [51] . The hyphenation of TLC-DB with NMR enabled detection of thirteen amides presented in plants from the Piperaceae family showing strong activity against Cladosporium sphaerospermum [52] .
Besides searching for bioactive compounds, TLC-DB can serve other purposes, such as finding the best solvent for extraction of active compounds from a given matrix [13, 26, 27, 53] , or selection of a mobile phase providing a suitable separation of investigated samples [14, 26, 27] . TLC-DB also allows comparison of bioactivity for samples of various origin in parallel (e.g., different plant species or extracts from the different parts of the plant) [13, 14, 26, 27, 53] .
Identification of Bioactive Compounds
TLC-DB is often used as a bio-guiding method to point to substances with biological activity that can be further analyzed by spectroscopic methods to obtain information on their structure. Usually, active components found in analytical-scale TLC-DB, should be acquired in amounts and purity sufficient for spectroscopic evaluation. The most important technique used for this purpose is preparative TLC (PLC), realized on preparative plates (layers thicker than 0.25 mm), or semi-preparative TLC, performed on analytical plates.
Preparative Sample Isolation
Preparative or semi-preparative TLC technique can be used to obtain larger amounts of the fraction/compound of interest. The sample is applied as a wide band and developed under selected chromatographic conditions. After solvent evaporation, bands of desired bioactive compounds are scraped off together with silica gel, and then they are eluted with appropriate solvent to vials. TLC semi-preparative fractionation of compounds showing antibacterial activity was successfully performed in our laboratory for many kinds of plant samples, such as Matricaria recutita (Asteraceae), Achillea millefolium (Asteraceae), Salvia officinalis (Lamiaceae), Thymus vulgaris (Lamiaceae) Chelidonium majus (Papaveraceae) and Hypericum perforatum (Hypericaceae) [54, 55] . The bioactive fractions of Hypericum perforatum visible on schematic TLC-DB bioautogram ( Figure 4) were isolated using semi-preparative TLC. Then they were concentrated and subjected to LC-MS analysis for structural evaluation. Five bioactive compounds were identified: 3,8'-biapigenin, quercetin, apigenin, kaempferol and linolenic acid [54] . Another and more sophisticated way to obtain larger amounts of the targeted compounds from a TLC plate is the application of the OPLC system. The instrument consists of a separation chamber and a programmable liquid delivery system which provides homogenous external pressure driving the mobile phase through an adsorbent bed. OPLC equipment, working in mixed operating mode (off-line sample application and on-line detection), can be used for fractionation and isolation of separated components from different matrices including tissue extract. The OPLC enables purification of a sample directly in an adsorbent layer by washing uninteresting compounds off, using a direction opposite to that of a mobile phase. The purified components of interest remain at the start point and then are developed with a mobile phase. Detection can be achieved using flow-through UV detector coupled online with a fraction collector. The OPLC provides an efficient isolation of various substances from various matrices, including antimicrobial components, like essential oils of plants. Collected fractions can be concentrated and subjected to further experiments: TLC-DB, chemical derivatization and/or structural identification by spectroscopic methods [18, 32, [56] [57] [58] .
A new separation technique, so-called orthogonal pressurized planar electrochromatography (OPPEC), introduced by T. Dzido and co-workers, seems to be a promising solution. This combination of OPLC and pressurized planar electrochromatography (PPEC) enables on-line application and continuous, micropreparative, orthogonal sample separation [59] .
Coupling TLC to Mass Spectrometry
Recent trends in development of thin-layer chromatography have been focused on its hyphenation with various spectroscopic identification techniques. Undoubtedly, mass spectrometry (MS) plays a major role among other methods like infra-red (IR) or nuclear magnetic resonance (NMR). TLC-MS approaches can be divided into two groups: elution-based and desorption-based techniques [60, 61] . The first group includes micro capillary arrow, surface sampling probe, overrun chromatography on a TLC strip, forced-flow techniques like OPLC and RPC (rotation planar chromatography) and elution head-based interfaces (including Camag TLC-MS Interface). The group of desorption-based approaches includes desorption by fast atom bombardment (FAB), desorption by ion bombardment (SIMS), desorption by laser light (ablation), e.g., MALDI, desorption by a spray beam, e.g., DESI [62] and desorption by an excited gas beam to which belongs a quite new type of a technique-direct analysis in real time (DART) [63] . Most of the listed above approaches can be described as semi-automatic or so-called off-line techniques in which development of the chromatogram and recording of mas spectra are two independent steps. However, some couplings based on an overrun chromatography or on forced-flow techniques are fully on-line [60] . A wide range of isolation devices provides new opportunities for (HP)TLC techniques. Based on the number of published articles, two types of commercially available instruments are starting to play the most important role in coupling TLC with mass spectrometry: the TLC-MS Interface (CAMAG) (working in the elution mode) and the DART system (IonSense) (working in the desorption mode) ( Figure 5 ). [61] (DESI and DART schemes).
TLC-MS Interface
The TLC-MS interface in the upgraded semi-automatic version has been available from CAMAG since the middle of 2009. Analytes adsorbed after development on the stationary phase of the TLC plate are cut together with a sorbent using cutting edges, eluted through a filter and transferred directly into a mass spectrometer. Precise elution is possible due to the laser-light enabling exact positioning of the elution head onto the zone of interest [60] . This type of hyphenation offers new possibilities for TLC which can become competitive with HPLC technique. According to the papers published during the last 5 years, direct TLC-MS connection has been successfully applied in analysis of food supplements, pharmaceuticals as well as water pollutants [12, 15, 64, 65] . A continuous increase in the number of publications on the TLC-MS analysis of plant extracts and single plant components has also been observed, conducted both in the normal as well as in the reversed phase mode [66] [67] [68] [69] . The TLC-MS interface is very useful in identification of biologically active compounds detected by TLC-DB methods. It is convenient to run the analyzed mixture in several replications (at least two) on the same TLC plate which, after development, can be cut along the tracks. Then, one track is left for UV and MS analysis and the others can be subjected to biological detection. In this way MS spectra can be acquired only for the compounds possessing biological activity. Such a solution was applied using TLC-DB assay against Aliivibrio fischeri strain in analysis of several anthocyanins in juice, pomace, wine and berry extracts [12, 15] . A similar solution was proposed much earlier by Hostettmann and co-workers: the half of the plate with separated Swertia calycina (Gentianaceae) extract was immersed in suspension of fungi-Cladosporium cucumerinum-while the second, duplicated half of the plate was subjected to MS analysis [40] .
The DART System
The first publication as well as the patent on DART-MS appeared in 2005 [70] . This new ion source was developed for the analysis of materials in open air under ambient conditions. Ionization is performed by reaction of electronic excited-state species of helium or vibronic-excited state species of nitrogen with analytes. The constituents can be desorbed and ionized directly from surfaces such as concrete, asphalt, glass, skin, currency, business cards, drugs, clothing, leaves, spices, fruits, and vegetables. Soon, it was proven that DART can be used to desorb and ionize samples from TLC plates [60, 71] . The method has advantages over DESI-less damage of the plate and lack of liquid spreading effects which are connected with electrospray. The DART analysis is performed directly from (HP)TLC plates and MS results are obtained at once. There are early examples of using TLC-DART-MS for the separation and identification of plant consituents such as curcumin in extracts of Curcuma longa (Zingiberaceae) [72] and coumarins, alkaloids and lignans in medicinal plants [73] .
Other TLC-DB Possibilities
The term bioautography is used predominantly when antimicrobial or antifungal properties of the analytes are measured on (HP)TLC plates. However, it can be also based on other, biological effects, e.g., antioxidant, enzymatic, antiestrogenic, or antimutagenic [6, 10, 11] . The most common are TLC-DPPH tests for detection of antioxidant activity of tested samples [74] . Bioautography assays concerning investigation of enzymatic activity are predominantly focused on inhibition of acetylcholinesterase, butyrylcholinesterase, α-and β-glucosidases or xanthine oxidase [11] . TLC-DB yeast estrogen screen test (YES) is used for the measurement of estrogenic activity [75] . The application of several TLC-bioautography tests in parallel linked to chemical/spectroscopic methods provides complete information for either bioactivity or the structure of the target compounds. In many cases semi-quantitative results can be achieved [6, 36] .
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